The N-methyl-D-aspartate (NMDA)-nitric oxide (NO)-cyclic GMP pathway has a potential role in modulating general anaesthesia as inhibition of nitric oxide synthase (NOS) by means of selective and non-selective isoform inhibitors leads to a reduction of minimum alveolar concentration (MAC) for most volatile anaesthetic agents. [1] [2] [3] [4] [5] [6] [7] However, a single report using gene deleted mice, deficient in the neuronal isoform (type I) of NOS (nNOS) showed no altered susceptibility to isoflurane in the presence or absence of a non-isoform specific inhibitor (L-NAME) 4 and this diminished interest in this potential pathway.
It has since been demonstrated that only the major nNOSa isoform is absent in these knockout (KO) mice and alternative nNOS mRNA splice variants are upregulated accounting for an observed residual 5% brain NOS activity. [8] [9] [10] 7-Nitroindazole (7-NI) is a nNOS specific inhibitor and reduces MAC for the volatile agents sevoflurane and isoflurane in mice and rats. 3 5 7 7-NI also reduces spontaneous motor activity in mice and may have sedative and anxiolytic properties necessitating the investigation of the effects of 7-NI in the non-anaesthetized animal. 11 12 We hypothesized that the nNOS specific inhibitor 7-NI would reduce isoflurane MAC and spontaneous motor activity in wild-type (WT) mice but would have a limited effect in nNOSa KO mice.
Materials and methods
The studies were approved by the United Kingdom Home Office under the Procedures of the Animals (Scientific Procedures) Act 1986. Animals controls; Jackson Laboratories, Bar Harbor, USA). They were housed in a 12 h light-dark cycle, with free access to feed and water. Animals aged 10-14 weeks weighing 21-31 g were randomly selected from male and female cages.
The presence of the neomycin resistance gene in place of exon 2 of the nNOSa gene in KO mice and the presence of the exon 2 of nNOS gene in the WT animals was confirmed by polymerase chain reaction (PCR) from DNA obtained from tail clippings. The last 2-3 mm of mouse tails were incubated in a buffer [KCl 50 mM, Tris-HCl 10 mM (pH 8.3 at 22 C), 2.5 mM MgCl 2 , gelatin 0.01% w/v, Nonidet P40 0.45% v/v, Tween 20 0.45% v/v and proteinase K 2% w/v] for 3 h at 55 C and for 10 min to 95 C for inactivation of proteinase K.
The oligonucleotide primers (MWG Biotech, Ebersberg, Germany) for the nNOS coding region used were:
They amplify a region between nucleotides 156 and 561 of the coding region of the nNOS gene and give a 404 bp PCR product in WT mice. The primers for the neomycin resistance gene used were:
These primers amplify a 603 bp product in the KO mice. The PCR reaction [1 ml DNA template, PCR buffer (MgCl 2 1.5 mM, Tris-HCl 10 mM and KCl 50 mM final), B1, B2, CFA, CFB primers 10 mM each, dNTP 12.5 mM, Taq 1 U and double distilled water to a final volume of 50 ml] was incubated as follows: (i) 94 C 3 min, (ii) (94 C 0.5 min, 61 C 0.5 min, 72 C 1 min) cycle 30 times, (iii) 72 C 3 min. PCR products were analysed on a 1.5% agarose gel and stained with ethidium bromide for visualization under UV light (Fig. 1). 7-Nitroindazole and L-arginine pre-treatment 7-NI was suspended in arachis oil, and sonicated at 4 C before intraperitoneal (i.p.) injection (120 mg kg À1 ). All animals were then kept warm in a heated incubation chamber to a rectal temperature of 37 C for 1 h. All animals had maintained their righting reflex (RRF) after the incubation period but appeared to have a decreased spontaneous motor activity and broad based gait. The decreased spontaneous motor activity was subsequently quantified in an open-field study. Untreated animals served as controls.
The effects of 7-NI can be at least partially reversed by co-administration of the amino acid L-arginine, which also applies to most non-specific NOS inhibitors (for example L-NMMA and L-NAME). We used 600 mg kg À1 i.p. 1 h after 7-NI injection as previously described. 5 Correct i.p. injection was confirmed post-mortem.
Determination of isoflurane MAC and RRF
Determination of isoflurane MAC and RRF values was carried out as previously described. 5 6 Briefly, WT and KO mice (n=6 per group) were placed into a custom built Plexiglas chamber and anaesthesia was induced with 2% isoflurane in oxygen at 2 litre min À1 through a regularly calibrated TEC3 isoflurane vaporizer. Isoflurane concentration was continuously monitored at the Plexiglas chamber gas outlet using an agent analyser, Capnomac Ultima R (DatexOhmeda, Helsinki, Finland). Rectal temperature was kept at 36-38 C throughout the experiment. After an initial equilibration period of 30 min, MAC was determined by tail clamping of the middle third of the tail to the first ratchet of a 15 cm haemostatic forceps for up to 1 min. Gross motor movement was judged to be a positive response, and no movements or grimacing and swallowing were judged a negative response. If a negative response was observed, isoflurane concentration was reduced by 0.1% for 10 min. If a positive response was seen isoflurane concentration was increased by 0.1% for 10 min. The midpoint isoflurane concentration for negative and positive responses was taken as MAC. The initial equilibration period for the next animal was the previous MAC+isoflurane 0.2%.
After determining MAC in each animal, the isoflurane concentration was halved for 10 min and the animal turned on its back to test the RRF defined as a return onto all four paws within 60 s. The isoflurane concentration was reduced by 0.1% for 10 min if the animal failed to right itself and the RRF subsequently re-tested. After completion of experiments, the animals were killed by rapid cervical dislocation. The Plexiglas chamber was cleaned with 5% ethanol between experiments.
Open-field studies
An open-field system was used to investigate 7-NI induced motor activity, this consisted of a box appropriate to the animal size with its floor space divided into equal areas. The movement of the animal from one area to another was monitored over a fixed time period. This method is sensitive enough to observe changes in spontaneous activity, can be automated and continuously applied. 11 13 Twelve new WT and KO mice (n=6 per group) were placed in the same starting square in an open-field box (30 cm·30 cm·40 cm, grey metal marked into four squares 15 cm·15 cm) with a light source (60 W at 100 cm distance) for 4 min the day before experimentation to allow familiarization with the environment. 11 The following day all mice were again exposed to the open-field box for 4 min and the number of line crossings, rearings and excretions were noted. A line was judged to have been crossed once all four paws were inside the same quadrant. Rearing was defined as the animal standing on the hind paws with or without touching the sidewalls of the box for at least 1 s. All four paws had to touch the floor of the box again before a new rearing could be achieved. Stool pellets and number of urinations were counted for excretions. All animals were then injected i.p. with 7-NI (120 mg kg À1 ) 1 h before re-exposure to the box. Line crossing and rearing were determined immediately before and 1, 2, 3, 4 and 6 h after 7-NI injection. All animals were kept warm in a heated incubation chamber between exposures with access to water ad libitum. The open-field box was cleaned with 5% ethanol between experiments.
Statistical analysis
Data were not normally distributed and are presented as median and range. Statistical analysis of MAC and RRF experiments was performed using Kruskal-Wallis 1-way ANOVA and Mann-Whitney U-test as appropriate. Data in the open-field experiment were analysed using Friedman analysis of variance. P<0.05 was considered to be statistically significant.
Results
The MAC and RRF values are given in Table 1 . The baseline isoflurane MAC values showed a statistically significant difference for WT and KO mice (P=0.031). 7-NI pretreatment reduced MAC in both WT and KO animals (P<0.04). Reversibility of the response to tail clamping with L-arginine was seen only in the WT animals. The RRF times were similar in both WT and KO mice. 7-NI pre-treatment significantly reduced the RRF in both WT and KO animals (both P<0.04). Reversibility of 7-NI pre-treatment with L-arginine was not seen in either WT or KO animals.
The results of the open-field studies are shown in Figure 2 . Injection of 7-NI resulted in a marked decrease in the number of line crossings in both WT and KO mice NOS inhibition, isoflurane and motor activity (both P<0.001). This remained low over the next 6 h (both P<0.0001). There was no difference between WT and KO mice. After 7-NI injection, rearing was not observed at all in the WT mice at any time during the 6 h and a median of only one rearing was observed in the KO mice (P<0.001 in each case vs control animals). There was no difference between WT and KO mice except before injection of 7-NI when the number of rearings was significantly lower in the KO animals (P=0.031). All animals had maintained their RRF throughout. There was no change in excretions in either group during the study period (data not shown).
Discussion
We have shown that acute inhibition of nNOS using 7-NI reduced the MAC for isoflurane in both WT and KO animals by 29 and 38%, respectively. This effect could be reversed by co-administration of L-arginine in WT but not in KO animals. Subsequent testing for the regaining of the RRF revealed a reduction in MAC by 69% in WT and 37% in KO animals. This effect was not reversed by L-arginine.
It has previously been reported that the non-isoform specific NOS inhibitor L-NAME caused a dose-dependent and reversible reduction in the anaesthetic requirements for halothane and isoflurane in rats. However, a ceiling effect at a dose of 20 mg kg À1 L-NAME limited this effect to a reduction in MAC of up to 51% for halothane and 35% for isoflurane. 1 3 4 The effect of L-NAME on MAC was disputed by another group using a similar experimental design and identical doses and volumes of L-NAME. 14 15 L-Arginine analogues such as L-NAME are non-isoform specific competitive inhibitors of NOS. The inhibition is usually reversible with an excess of the NOS substrate Larginine. The non-isoform specificity of these inhibitors leads to peripheral vasoconstriction with subsequent increases in blood pressure. The haemodynamic effects and the non-isoform specificity and possible interactions with other receptors make L-NAME a less suitable candidate for studies into the effects of nNOS inhibition in nNOSa deficient mice. 7-NI structurally resembles imidazole and is thought to inhibit NOS competitively on the L-arginine binding site and non-competitively on the tetrahydrobiopterin site within the haem domain. 16 17 Although 7-NI is strictly speaking not isoform specific for nNOS in in vitro studies, 18 7-NI appears to have acceptable isoform specificity for nNOS possibly because of a preferred uptake into neuronal cells in in vivo studies, which may also explain the absence of haemodynamic effects. 19 20 Although noting the limitations of 7-NI as a nNOS selective inhibitor for in vitro studies, we chose to use 7-NI in the absence of a well studied alternative in vivo inhibitor.
The nNOS specific inhibitor, 7-NI, has been used for in vivo experiments and a dose-dependent reduction of MAC for halothane and isoflurane in rats and sevoflurane in mice has been described. 3 5-7 7-NI was given as an i.p.
injection and no changes in blood pressure were reported when compared with control animals. The highest dose of 7-NI (1000 mg kg
À1
) reduced the MAC for halothane by 90-95% when compared with untreated controls. 6 The chosen route and dose of 7-NI in our study was based on previous reports and was used at a concentration of 120 mg kg À1 . 7-NI was the active compound as the vehicle, arachis oil, did not change MAC or RRF in these studies. 3 5 7 Our results are in complete agreement with the previously reported studies in WT mice. Potentially, the second injection of L-arginine dissolved in sterile water could have influenced MAC determination in KO and WT mice. We therefore, elected to use untreated animals as controls for the determination of MAC and RRF.
The major stimulus for NO production in the brain is from nNOS through activation of NMDA receptors that are highly permeable to Ca 2+ . The N-terminal region of nNOS contains a PDZ domain, this targets nNOS to postsynaptic density protein 95 and is thought to mediate coupling of NMDA receptor activity. 21 This close coupling allows tight regulation of Ca 2+ influx and regulation of nNOS activity. Exon 2 of the nNOS gene encodes the PDZ domain of nNOSa, which is missing in the mRNA splice variants; NOSb and nNOSg. The b and g splice variants are, therefore, not in close proximity to the NMDA receptor and occur within the cytosolic fraction of brain homogenates. Both splice variants possess catalytic activity and nNOSb is 2-to 3-fold up-regulated in KO when compared with WT mice. 8 9 Although acute administration of NOS inhibitors reduces anaesthetic requirements in most studies, targeted disruption of the nNOS gene in mice (KO) resulting in the complete absence of nNOSa activity, did not modify the MAC of isoflurane when compared with WT mice (1.24% vs 1.24%). 4 The i.p. injection of L-NAME (10-100 mg kg À1 ) failed to reduce the isoflurane MAC in KO mice but reduced the MAC in WT by a maximum of 0.35% inspired isoflurane concentration when L-NAME was administered at 25 mg kg À1 . In contrast to the findings of Ichinose and colleagues, 4 but similar to the results in WT mice, acute administration of nNOS specific inhibitor, 7-NI, reduced the isoflurane MAC in KO animals by 38% and the RRF by 28%. The baseline MAC for isoflurane in WT and KO mice was higher than in the previously reported study, 4 and was significantly different between the WT and KO animals. Elevated MAC values between studies can be attributed to experimental variation and inter-observer variability whereas the differences between WT and KO animals represent a significantly lower sensitivity to isoflurane in KO animals than previously reported. Mouse strain may modestly influence the MAC for volatile agents. The isoflurane MAC for WT mice is reported to be between 1.3% in C57BL/6J and 1.4% in 129/SvJ mice. 22 The WT animals used are the F2 hybrid of the strains C57BL/6J and 129S1/SvImJ on which the KO animals were originally derived. These WT animals are Engelhardt et al. different to the control animals used by Ichinose and colleagues 4 and it is conceivable that the difference between the WT and KO animals is a result of using a different control strain and represents a major limitation of this latter study.
The differences observed in isoflurane MAC for 7-NI pretreated KO animals could be at least partially explained by the use of the specific nNOS inhibitor instead of the nonisoform specific L-NAME. Although deficient in the major neuronal isoform, nNOSa, KO animals possess a residual NOS activity originally attributed to other NOS isoforms or up-regulated nNOS splice variants such as nNOSg and nNOSb. This suggests either that only minimal nNOS activity is required to maintain cellular homoeostasis, or that alternative compensatory pathways exist.
The reduced isoflurane MAC resulting from 7-NI administration and the involvement of the NMDA-nitric oxide-cyclic GMP pathway was confirmed by the co-administration of the NOS substrate, L-arginine, which restored the isoflurane MAC values in WT animals. The dose of 600 mg kg À1 L-arginine was previously shown to be sufficient to reverse 7-NI inhibition of nNOS 4 5 but the effects of higher doses in KO mice will need to be tested in future experiments. On a similar note the failure to reverse the effects of 7-NI in the isoflurane RRF in both the WT and KO animals are likely because of the pharmacokinetic properties and metabolism of L-arginine after 3-4 h and will require further studies. The observed values for the isoflurane RRF of 0.53% and 0.63% for WT and KO animals, respectively, are comparable to the baseline isoflurane RRF values reported 4 despite the determination of the isoflurane RRF after the isoflurane MAC experiments.
Initial subjective observation after i.p. administration of 7-NI indicated a decrease in spontaneous motor activity in both WT and KO mice. A simple open-field experiment was devised to quantify this effect. A significant decrease in line crossings and number of rearings was seen in both WT and KO mice after 7-NI injection, an effect which persisted for more than 6 h. WT mice tended to be more active than the KO mice, but this effect only reached significance in the number of rearings. 7-NI has previously been reported to be an anxiolytic and sedative agent and producing motor deficits in mice utilizing a battery of neuro-behavioural tests. 11 12 7-NI produced a dose-dependent decrease in locomotor activity in the open-field study measured within 1 h of i.p. administration of 7-NI in mice, whereas injection with the vehicle arachis oil had no effect. 11 Arachis oil has previously been reported to be inert when used as a control in experiments using 7-NI. 3 5 7 11 12 It is conceivable, that pain after the i.p. injection could potentially influence spontaneous motor activity in these mice but given that the reduction of spontaneous movements persisted for more than the studied 6 h it is unlikely that pain played a significant role. Small doses of 7-NI (10 mg kg À1 ) resulted in a measurable reduction in anxiety and motor activity and it could be speculated that the difference found between KO and WT mice could be because of a decrease in anxiety in these mice. However, a formal evaluation of 7-NI in KO mice would require a number of 'state' anxiety tests to be carried out and the creation of a dose-response curve for 7-NI. 23 24 The reduction of spontaneous motor activity was evident within 1 h of i.p. administration of 7-NI and lasted for more than 6 h. However, the motor deficits appear to be reversible within 24 h after administration of 7-NI. 12 The susceptibility of KO mice to 7-NI suggests that sufficient nitric oxide is available to regulate intracellular processes. This nitric oxide is most likely produced by nNOS mRNA splice variants or conceivably through endothelial NOS with subsequent diffusion of nitric oxide into neuronal cells and warrants further investigation. The comparable number of excretions throughout the experiment indicates a sufficient hydration status of the mice.
In summary, we have shown that the nNOS specific inhibitor 7-NI, reduced isoflurane MAC and spontaneous motor activity in WT and nNOSa KO mice. Our results indicate that the NMDA receptor-nitric oxide-cyclic GMP pathway still remains a credible target in modulating the effects of the volatile anaesthetic agent isoflurane.
